α in vivo blocks the proliferative response of the mouse uterus and Gynaecology, University of Cambridge, Rosie Maternity to oestradiol (Nelson et al., 1992 function. There is much complexity in the cytokine networks 2 Joint first authors present in the endometrium, and the ability to specifically 3 To whom correspondence should be addressed change the level of local expression could greatly enhance our understanding of endometrial biology. Such an approach would Therapeutic interventions in reproductive biology have lead to new research opportunities and alter the therapeutic relied largely on steroids and antisteroids which act to alternatives available for future development.
regulate gene expression in target tissues. Whilst their use
Non-steroidal strategies of altering endometrial receptivity has transformed women's lives, few conceptual advances could open a new era in contraceptive research. Implantation, have been made in contraceptive technology, no means a poorly understood but critical time in human development, identified to improve human implantation and no new cannot be improved by steroids but is a significant cause of strategies developed for the treatment of benign gynaecoinfertility (Yen and Jaffe, 1991) and may lead to disorders of logy. A novel alternative is direct gene transfer to the organ placentation which can progress to complications in late of interest. As a first step to achieving this goal in the pregnancy. In the developed world, where fertility control is uterus, we used reporter gene constructs to transfect mouse widespread, regular menstruation is the norm and abnormalities endometrium in vivo and human endometrial epithelial of menstruation are a large source of ill health (Smith, cells in vitro. We injected DNA-liposome complexes into 1994b). These issues will achieve global significance as fertility the uterine lumen of mice on day 2 of pseudopregnancy regulation becomes widely accepted in the developing world. and detected reporter gene activity 2 days later. The
Most current studies of the paracrine and autocrine regulation liposomes used were a 3:1 (w/w) mixture of 2,3-dioleyloxyof reproductive function are limited to a descriptive analysis.
N-[2(sperminecarboxamido)ethyl]-N-N-dimethyl-1-propan-
A significant problem in understanding the paracrine regulation aminium trifluoroacetate and dioleoylphosphatidyl ethanolof endometrial function has been the lack of an effective amine. Freshly isolated human endometrial epithelial cells means of manipulating local gene expression in vivo. Historicwere successfully transfected in vitro with similar DNAally, steroid hormones have been used to achieve this, but they liposome complexes. These data suggest that endometrial activate gene expression in a variety of different target tissues gene transfer may be effective in humans. This may lead in addition to the endometrium. The use of transgenic animals to the development of new therapeutic agents, including (which either overexpress or carry null mutations) can be contraceptives, for the improvement of women's health.
informative but they frequently exhibit complicating systemic Key words: contraception/fertility/gene therapy/reproduction/ effects or show no apparent phenotype. A novel alternative to transfection the steroidal regulation of endometrial gene expression and therefore function would be direct gene transfer in vivo. Uterine epithelium provides a target for gene therapy because it is Introduction relatively accessible, and the efficient transfer of genes into In the past 50 years great strides have been made in the ciliated, secretory, basal and undifferentiated bronchial epitheregulation of mammalian reproduction because of the underlium has been achieved with DNA-liposome complexes (Alton standing of steroid and gonadotrophin hormone biology (Yen et al., 1993; Hyde et al., 1993) and adenovirus (Rosenfeld and Jaffe, 1991; Baird, 1993) . Although highly successful, et al., 1991; Yang et al., 1994) . The evidence presented here with widespread use in fertility control, this approach to indicates that transfection of uterine epithelium in vitro and regulating endometrial function does have its own problems in vivo is feasible. This offers a system for the selective local and limitations. Many of the local actions of steroid hormones modulation of cytokine or receptor expression and function in the endometrium. are mediated through local growth factors or cytokines (Smith, digested glands retained on the sieve were washed twice in PBS and
We have used monovalent and polyvalent cationic liposomes placed in 24-well plates in Dulbecco's modified Eagle's medium/ as opposed to retroviral or adenoviral vectors for several Ham's F-12 containing penicillin (50 IU/ml), streptomycin (50 µg/ reasons. The efficiency of gene transfer both in vivo and ml), gentamycin (5 µg/µl), fungizone (2.5 µg/µl), HEPES buffer (10 in vitro compares favourably with published reports for viral mM), L-glutamine (2 mM), 2% Ultraser (Gibco BRL) and insulin vectors; there is no risk of viral recombination; there is less (10 µg/ml). Glandular preparations were transfected with DNArisk of antigenicity; the liposomes are easy to prepare and liposome preparation on the following day. DNA-liposome complexes handle; it is a safe and non-invasive delivery method that were prepared as described, with final concentrations of DNA and would permit repeated gene therapy; and, most important, it lipid of 1 and 8 µg/ml. Glandular preparations were incubated with is more likely to be accepted by women than viral treatment. 0.5 ml DNA-liposome mixture for 3 h at 37°C in 5% CO 2 /air. Transfection medium was replaced with culture medium and left for 21 h. Culture medium was aspirated and cell lysates prepared by the
Materials and methods
addition of 300 µl/well of 1ϫ reporter lysis buffer (Promega, Southampton, UK). Cell extracts were subjected to two cycles of Plasmid constructs freeze-thawing and assayed for luciferase activity (Tropix Inc., Plasmids were based on pcDNA3 (Invitrogen, San Diego, CA, USA).
Bedford, MA, USA). The protein content of the lysates was determined The reporter constructs had either β-galactosidase or firefly luciferase using the DC protein assay kit (Bio-Rad, Welwyn, UK). The purity cloned downstream of the cytomegalovirus promotor. DNA was of the glandular preparations was Ͼ95%, as judged by positive isolated from Escherichia coli DH5α by alkaline lysis and purified cellular staining for cytokeratin on cytospin preparations of the further using Qiagen ion-exchange columns. Control transfections same cells. were performed using the plasmid without a reporter gene present.
Results

Liposome preparation
Instillation of a DNA-liposome mixture into the uterine lumen (liver, spleen, kidney and heart) failed to reveal transfection (as a vaginal plug. Mating was assumed to have occurred at 02:00 h and day 1 was counted as the day of plug detection. A total of five judged by staining for β-galactosidase activity). Similarly, experimental animals and controls were used in two different experigerm cell transfection was not detected, albeit using this ments for this preliminary study. Mated females were housed individurelatively insensitive assay. In addition to the endometrium, ally before experimentation. A laparotomy was performed and the some of the epithelial cells of the cervix were found to be DNA-liposome preparation (25 µl) injected slowly into the base of positively stained.
the uterine horn using a flat Stratatip, into which the solution had DNA-liposome complexes administered intraluminally on been drawn previously by a Travesty applicator. day 2 of pregnancy, before the blastocyst had reached the uterine cavity, did not disrupt pregnancy and normal pups Histochemical localization of β-galactosidase were delivered.
Uterine horns were dissected free of fat and mesentery, divided into Human endometrial epithelial cells, obtained from patients approximately three equal pieces and fixed in 1.25% glutaraldehyde undergoing uterine surgery for benign disease, were isolated in PBS for 15 min, rinsed in PBS twice and placed in X-gal staining and cultured for 24 h. The cells were shown to be predominantly solution (PBS containing 1 mg/ml X-gal, 5 mM K 3 Fe(CN) 6 , 5 mM epithelial by staining of cytokeratin (Ͼ97% cytokeratin posit-K 4 Fe(CN) 6 , 2 mM MgCl 2 , 0.02% NP-40 and 0.01% sodium deoxychive). These cells were transfected with reporter gene constructs olate) for 16-24 h at room temperature (22°C). These were then rinsed in PBS/3% dimethylsulphoxide (2ϫ 5 min), 70% ethanol (3ϫ and either stained for β-galactosidase activity or assayed for 5 min) and placed in 100% ethanol. Tissues were embedded in glycol luciferase activity (Figure 2 ). This showed that they could be methacrylate resin and 7 mm sections were cut and counterstained transfected with liposome-DNA mixtures and reporter gene with neutral red prior to microscopic examination. activity readily detected. This was significantly different from cells transfected with a control plasmid (P Ͻ 0.001).
Transfection in vitro
Intact endometrial glands were prepared from freshly obtained endo- as microbial genetics and mammalian endocrinology. The methods used to achieve such transformations include calcium phosphate co-precipitation, electroporation, virus-mediated transformation and lipofection. The injection of DNA or RNA into muscle also results in long-term transfection (Wolff et al., 1990) . The use of cationic lipids which complex with DNA and form liposomes when mixed is becoming increasingly popular because of their ease of use and low toxicity (Felgner et al., 1987; Stewart et al., 1992) .
The premise set out in the introduction, that the uterine epithelium is a suitable target for in-vivo gene transfer, is clearly borne out by the results shown in Figure 1 . It is evident that there is reporter gene activity detectable in the epithelial cells. The number of cells transfected is high, with~70% of the epithelial cells staining blue. This is higher than observed in the in-vivo transfection of other epithelial surfaces (Ͻ5%; Figure 2 . Luciferase reporter gene activity in transfected freshly Grubb et al., 1994) . It is also notable that the glandular isolated human uterine epithelial cells. Cells were transfected with epithelium stained more strongly that the luminal epithelium.
either luciferase reporter construct or control pcDNA3. Results are While the reason for this is not clear, it could reflect differences expressed as means (ϮSEM) relative light units/mg protein. A significant difference was detected using Student's t-test. between the two cell types in the uptake of the DNA-liposome considerable tissue specificity (Baskar et al., 1996) . These Rosenfeld, M.A., Siegfried, W., Yoshimura, K. et al. (1991) Adenovirus authors have shown that this promotor is active in many mediated transfer of a recombinant α1-anti-trypsin gene to the lung epithelial cell types; while they did not examine uterine epithelium in vivo. Science, 252, [431] [432] [433] [434] tissue, it is possible that the cytomegalovirus immediate early Smith, S.K. (1994a) Growth factors in the human endometrium. Hum. Reprod., 9, [936] [937] [938] [939] [940] [941] [942] [943] [944] [945] [946] promotor is highly active in uterine glandular epithelium. This Smith, S.K. (1994b) However this remains to be tested in the future. such as leukaemia inhibitory factor and epidermal growth factor receptor ligands have been shown to be essential for
Received on June 11, 1996; accepted on October 22, 1996 the establishment and maintenance of pregnancy in mice (Stewart et al., 1992; Threadgill et al., 1995) and may offer suitable targets for intervention. In the longer term, there is the possibility of therapeutic use because our data show that human endometrial glands can also be readily transfected (albeit in vitro at present).
